Abstract-Food intake stimuli, including taste, somatosensory, and tactile stimuli, are received by receptors in the oral cavity, and this information is then transferred to the cerebral cortex. Signals from recently ingested food during the weaning period can affect synaptic transmission, resulting in biochemical changes in the cerebral cortex that modify gustatory and somatosensory nervous system plasticity. In this study, we investigated the expression patterns of molecular markers in mouse gustatory and somatosensory cortices during the weaning period. The expression of synaptosomal-associated protein 25 (SNAP25), a component of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex, was increased in the insular and somatosensory cortices at postnatal week 3 compared to postnatal week 2. Additionally, SNAP25 protein in the cerebral cortex accumulated in weaning mice fed solid food but not in mice fed only mother's milk at the weaning stage. Chemical stimulation by saccharin or capsaicin at the weaning stage also increased SNAP25 immunoreactivity in the insular or somatosensory cortical area, respectively. These results suggest that recently ingested chemical signals in the oral cavity during weaning increase the accumulation of SNAP25 in the gustatory and somatosensory cortices and promote neural plasticity during the development of the gustatory and somatosensory nervous systems.
INTRODUCTION
Sensory signals arising from food intake are received by various types of receptors expressed in the oral cavity and gastrointestinal tract, and these food signals cause multimodal sensations. Chemical stimulation mediated by specific taste receptors on the oral epithelia results in taste sensation, whereas thermal stimulation, the tactile stimulation in the oral cavity, and trigeminal chemical stimulation lead to somatosensory sensation. Subsequently, taste and somatosensory information is transferred through specific neural pathways to the gustatory and somatosensory cortices, respectively (Yamamoto, 1984; Pritchard et al., 1986; Miyamoto et al., 2006) .
A number of studies have evaluated cortical responses to food stimulation. Electrophysiological studies have delineated the cortical taste area and investigated the properties of gustatory neurons. The rostral region of the insular cortex (IC) is involved in taste perception, as is the gustatory cortex (Yamamoto, 1984) . The use of electrophysiological techniques permits detection of the electrical activities of neurons in real time and has revealed the complex pathways that exist for taste signals. Shortly after chemical stimulation of the oral cavity, several specific genes are induced. Immediate early genes (IEGs), such as c-fos and arc, are expressed transiently and rapidly in the IC in response to taste stimulation (MontagSallaz et al., 1999; Koh et al., 2003; Chen et al., 2004) . The phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2) is also transiently increased in the IC within a few minutes of gustatory stimulation (Kobayashi et al., 2010) . However, there have been few reports of marker proteins whose expression or accumulation increases in the gustatory cortex over a long period of time following taste stimulation. In the visual cortex, cardiac troponin C, a neuronal calcium-binding protein, is up-regulated in layer IV granular cells following an input of visual information during a critical period (Lyckman et al., 2008) . Investigating the long-term expression of proteins in response to food signal stimulation in cortical areas is essential to elucidate the effects of food signals on cortical plasticity in the gustatory nervous system.
In this study, we investigated the expression patterns of neural marker molecules in the mouse cerebral cortex at the weaning stage, which corresponds to the period during which young mice begin eating solid food due to the withdrawal of the mother's milk supply. We found that the expression of synaptosomal-associated protein 25 (SNAP25) protein in the cerebral cortex increased after mice began to intake solid food and that SNAP25 protein accumulated in the IC and primary somatosensory cortex (S1) following the intake of saccharin and capsaicin, respectively. These results suggest that SNAP25 is a suitable marker protein for assessing neural responses to taste and somatosensory sensations and for studying the promotion of neural plasticity during the development of the gustatory and somatosensory nervous systems.
EXPERIMENTAL PROCEDURES Animals
Infant C57BL/6J mice (from P7 to P14) with their mothers were purchased from CLEA Japan (Tokyo, Japan). The date of birth was designated as P0. The animals were kept under conditions of constant temperature and humidity and a 12 h/12 h light-dark cycle (lights on at 9:00 am and off at 9:00 pm). CLEA Rodent diet OA-2 (CLEA Japan) and water were given ad libitum prior to the experiments. We used 48 mice for these experiments. All animal experiments were approved by the Animal Care and Use Committee of the University of Tokyo and were performed in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used and their suffering.
Stimulation of weaning mice with or without solid food intake
Two litters (eight mice total) born on the same day were reared by their mothers until P18 and then separated into two groups. In one group, the mice were reared with free access to solid food (CLEA Rodent diet OA-2) from 9:00 am on P18 through P21. In the other group, the mice were reared without access to solid food but continued suckling until P21. Every 12 h, mothers were exchanged between the two cages so that both mothers had access to food.
Stimulation of weaning mice with chemical solutions
One litter of mice (six mice) was reared by the mother until P18. From P18 to P21, two mice were transferred to cages equipped with a bottle containing a taste solution (10 mM sodium saccharin dehydrate or 10 lM capsaicin) or a control solution (H 2 O) during the night. Although it is possible that the mice may have consumed different amounts of solution, we monitored the cages and checked that the mice had access to the bottle and drank the taste solution. The maternal mouse was fed during the night. Infant mice were transferred back to their mother's cage without solid food during the day for rearing so that solid food was not provided to the infant mice.
Western blotting
Mice were sacrificed by cervical dislocation, and the whole brain was excised. Brain tissues, including the IC and the S1, were homogenized separately in 10 volumes of 20 mM MES buffer (pH 6.8) containing 2 mM EDTA, 1% Triton X-100, and a protease inhibitor cocktail (1:200, Sigma, St. Louis, MO, USA) using a glass homogenizer. The homogenate was sonicated, subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to an Immobilon-P membrane (Millipore, Billerica, MA, USA). The membranes were blocked using 5% skim milk in Tris-buffered saline containing 0.5% Tween 20 (TBST) for 15 min and were then incubated with mouse anti-neuron-specific nuclear protein (NeuN) (1:1000, Millipore), mouse anti-microtubule-associated protein 2 (MAP2) (1:665, Sigma), mouse anti-glial fibrillary acidic protein (GFAP) (1:1000, Millipore), or goat anti-SNAP25 (1:500, Everest Biotech, Oxfordshire, UK) antibodies for 60 min at room temperature. Membranes were washed with TBST and incubated with alkaline phosphatase (AP)-conjugated anti-mouse or anti-goat immunoglobulin (IgG) (1:1000, Vector Laboratories, Burlingame, CA, USA) or horseradish peroxidase (HRP)-conjugated anti-mouse or anti-goat IgG (1:2000, Vector Laboratories) antibodies. All antibodies were diluted with 5% skim milk in TBST. AP-labeled antibodies were detected using an AP reaction solution (100 mM Tris (pH 9.5), 100 mM NaCl, 5 mM MgCl 2 containing 0.8 mM nitro blue tetrazolium and 0.4 mM 5-bromo-4-chloro-3-indolyl phosphatase). HRP-labeled antibodies were detected using the Enhanced Chemiluminescence (ECL) Plus Western Blotting Detection System (GE Healthcare, Little Chalfont, UK). The intensity of each band was determined using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Immunohistochemistry of brain sections
Mice were anesthetized with sodium pentobarbital and perfused transcardially with phosphate-buffered saline (PBS, pH 7.4) followed by 15 mL of ice-cold 4% paraformaldehyde (PFA) in PBS. The brains were excised, postfixed for 24 h in 4% PFA in PBS at 4°C and then transferred to 30% sucrose in PBS for several days for cryoprotection. Coronal sections with a thickness of 50 lm were made with a freezing microtome (Yamato ROM380, Saitama, Japan). For single staining, free-floating sections were incubated with PBS containing 0.3% hydrogen peroxide for 30 min at room temperature to inactivate endogenous peroxidase. The sections were rinsed in PBS, incubated in 5% normal rabbit serum/PBS containing 0.2% Triton-X (PBST) for 60 min at room temperature, and then incubated with a goat anti-SNAP25 antibody (1:10,000)/PBST at 4°C overnight. After washing in PBS, the sections were incubated with biotinylated rabbit antigoat IgG (1:500, Vector Laboratories)/PBST for 60 min at room temperature. The sections were washed and incubated with a peroxidase-conjugated avidin-biotin complex (VECTASTAIN Elite ABC kit, Vector Laboratories) for 30 min at room temperature. After washing, sections were stained for 7 min using 3,3 0 -diaminobenzidine, 0.6% nickel ammonium sulfate and 0.006% hydrogen peroxide in 50 mM Tris-HCl (pH 7.6). The stained sections were washed in PBS, attached to Matsunami Adhesive Silane (MAS)-coated slides (Matsunami Glass, Osaka, Japan), dehydrated and mounted with VectaMount (Vector Laboratories). For anti-NeuN immunohistochemistry, a mouse anti-NeuN antibody (1:5000) and biotinylated horse anti-mouse IgG (1:500, Vector Laboratories) were used. Images were obtained using a MVX10 stereomicroscope (Olympus, Tokyo, Japan) equipped with a CCD DP70 digital camera (Olympus). Brightness and contrast adjustments were made using Adobe Photoshop 5.5 (San Jose, CA, USA).
For fluorescent double labeling, free-floating sections were incubated with 10% skim milk/PBST for at least 30 min and were then incubated with a goat anti-SNAP25 antibody (1:100) and a mouse anti-NeuN antibody (1:6000)/PBS at 4°C overnight. After washing, the sections were incubated with Alexa Fluor 488-conjugated anti-mouse IgG (1:500, Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 555-conjugated anti-goat IgG (1:500, Invitrogen) for 120 min at room temperature. Stained sections were washed in PBS, mounted on MAS-coated slides, and treated with VECTASHIELD (Vector Laboratories). Images were obtained using a FV500 confocal laser scanning microscope system (Olympus). Image data were transformed into pseudocolor images using FluoView software (Olympus). Brightness and contrast adjustments were made using FluoView or Adobe Photoshop. The locations of the IC and S1 regions in each brain section were identified based on NeuN staining and the atlas of Paxinos and Franklin (2001) .
RESULTS
Changes in the expression of neural marker proteins in the mouse brain during weaning
To investigate the effects of food intake on the brain, we examined the expression of proteins in the whole brain at P15 and P20. Cerebral cortices, including the IC and S1, of P15 and P20 mice were lysed, electrophoresed and subjected to Western blotting using anti-NeuN, anti-MAP2, anti-GFAP, and anti-SNAP25 antibodies. All four marker proteins were detected by immunoblotting at both stages of development (Fig. 1A ). There were only slight changes in the expression levels of NeuN, MAP2, and GFAP between P15 and P20 mice. However, SNAP25 expression was clearly increased at P20 compared to P15 (Fig. 1A) . SNAP25 expression was also significantly increased at P21 compared to P17 (Fig. 1B) . To investigate the time-dependent changes in SNAP25 expression in the cortex in greater detail, tissues from the IC and S1 of P17, P18, P19, P20, and P21 mice were examined. The SNAP25 signal remained low until P19 but increased at P20 and P21 (Fig. 1C) , indicating that the level of SNAP25 protein in these cortical areas gradually increases with age.
To investigate the regional expression pattern of SNAP25 in the cerebral cortex, an immunohistochemical analysis of mouse brain sections was performed using an anti-SNAP25 antibody. Consistent with the Western blot analysis, intense SNAP25 immunoreactivity was observed in sections of the cerebral cortices of P21 mice but not in those of P17 mice (Fig. 1D) . Strong SNAP25 signals were also observed in the corpus callosum (Cc) and anterior commissure (Ac) of P21 mice (Fig. 1D) .
Increase in SNAP25 expression in the cerebral cortex following solid food intake Mice reared by their mother generally drink only their mother's milk until P18 and begin to eat solid food on P19. The remarkable increase in SNAP25 immunoreactivity from P17 to P21 could have been a result of food intake at the weaning stage. To investigate the effects of food intake on SNAP25 expression, we reared mice with or without solid food at the weaning stage. Mice were separated into two groups at P18. One group of mice was permitted to eat solid food and suckle, whereas the other mice received only mother's milk for 3 days. At P21, the animals were sacrificed, and brain sections were prepared and immunostained with an anti-SNAP25 antibody. SNAP25 immunoreactivity was observed in the Cc, Ac, and cerebral cortex of mice given access to solid food; in particular, intense SNAP25 immunoreactivity was observed in the somatosensory cortex and IC areas (Fig. 2) . In contrast, intense SNAP25 immunoreactivity was not observed in the Cc, Ac, or cerebral cortex of mice without access to solid food (Fig. 2) . These results indicate that afferent signals produced by the intake of solid food induce SNAP25 expression in the mouse brain, particularly in the Cc, Ac, IC, and somatosensory cortex.
SNAP25 expression in the cerebral cortex following saccharin or capsaicin intake
As shown in Figs. 1 and 2 , stimulation resulting from solid food intake increased the expression of SNAP25 in the insular and somatosensory cortical areas of mouse brains. Because solid food contains a variety of chemicals, the intake of solid food provides taste and somatosensory stimuli as well as tactile stimuli. Moreover, digested, absorbed, and metabolized nutritional compounds from foods can affect protein metabolism in the brain. We therefore examined whether the intake of simple chemicals lacking nutritive value could induce an increase in cortical SNAP25 expression. For this purpose, we used saccharin and capsaicin. Saccharin is an artificial sweetener that is recognized by the sweet taste receptor, the T1R2/T1R3 heterodimer, and is not metabolized in the body for energy; therefore, saccharin is considered a pure stimulant for sweet taste in the nervous system. Mice were reared by their mothers until P18 and then separated into two groups. The mice in one group were reared without access to solid food ('P21 (À) Solid food'), and the mice in the other group were reared with free access to solid food ('P21 (+) Solid food') for 3 days. (B) Coronal brain sections from each of the two groups of mice (bregma + 0.85 mm) were immunostained with the anti-SNAP25 antibody. Intense SNAP25 immunoreactivity can be observed in the Cc, Ac, somatosensory cortex, and IC of the brain sections of mice in the 'P21 (+) Solid food' group. Scale bar = 1 mm. 1997; Tominaga et al., 1998) . We permitted mice reared by their mothers for three days (from P18 to P21) to have free access to either chemical solution or H 2 O but no access to solid food. Two mice were reared per cage, and the total amount of imbibed saccharin solution, capsaicin solution, or H 2 O per cage was 7.0 ± 0.7 mL (n = 3), 3.8 ± 1.1 mL (n = 3), or 2.2 ± 0.7 mL (n = 3), respectively. Coronal brain sections of P21 mice were immunostained with an anti-SNAP25 antibody, and these results demonstrated that SNAP25 signals accumulated in the Cc, Ac, and cerebral cortex of saccharin-fed or capsaicin-fed mice but not in the brains of control (H 2 O-fed) mice (Fig. 3B) . Moreover, the distribution of SNAP25 accumulation along the rostral-caudal axis of the cortex appeared to differ between saccharinstimulated and capsaicin-stimulated mice.
Laminar distribution of SNAP25 following the administration of saccharin
We next examined the laminar distribution pattern of SNAP25 immunoreactivity in the cerebral cortex of saccharin-fed mice. In comparison to the staining pattern of NeuN in adjacent sections, strong SNAP25 immunoreactivity was observed in the IC and S1 regions (Fig. 4A ). To visualize the layered structure of the cortex, doublefluorescent staining was performed using anti-NeuN and anti-SNAP25 antibodies. In saccharin-fed mice, SNAP25 signals strongly accumulated in layers I-IV of the IC and S1, whereas only a small amount of SNAP25 immunoreactivity was seen in layers V-VI (Fig. 4B) . In contrast, low levels of SNAP25 immunoreactivity were observed in brain sections of H 2 O-fed mice (Fig. 4B, control) .
DISCUSSION
Food-dependent expression and distribution of SNAP25 in the mouse brain
In this study, we investigated whether stimulation related to food intake affects the expression of certain marker proteins in the cerebral cortices of mice during the weaning period. We found that the expression of SNAP25 increased in the gustatory and somatosensory cortices in response to food intake stimuli. SNAP25 is a member of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) family of proteins. Vesicleassociated membrane proteins (VAMPs) and syntaxins are also members of the SNARE family, and these proteins are crucial for exocytosis and neurotransmitter release (Jahn et al., 2003; Salau¨n et al., 2004; Su¨dhof, 2004; Wang and Tang, 2006) . SNAP25 is synthesized in the cell body and transported to presynaptic terminals by axons (Oyler et al., 1989 (Oyler et al., , 1991 . In addition, SNAP25 is associated with neuronal maturation and synaptogenesis during development (Catsicas et al., 1991) and also affects the expression of receptors in the plasma membrane (Selak et al., 2009; Lau et al., 2010) . These findings indicate that SNAP25 may be involved in synaptic plasticity in cortical areas, where it may affect the synaptic transmission of gustatory and somatosensory information.
Stimuli from solid food intake produce multimodal sensations resulting from chemical stimulation of specific receptors on the tongue and palate and tactile and somatic sensation on the lips, tongue, palate, and teeth. Moreover, absorbed and metabolized nutritional A B Fig. 4 . Layer-specific accumulation of SNAP25 in the mouse cerebral cortex following saccharin ingestion. (A) Serial brain sections from saccharinfed mice (bregma + 1.7 mm) were immunostained with an anti-SNAP25 antibody (left) and an anti-NeuN antibody (right). SNAP25 immunoreactivity can be observed in the IC and S1 regions. Scale bar = 500 lm. (B) Coronal brain sections of H 2 O-fed mice (top) and saccharin-fed mice (bottom) (bregma + 1.7 mm) were immunostained with anti-SNAP25 (red) and anti-NeuN (green) antibodies. SNAP25 expression can be observed in layers I-IV of the S1 and IC areas in saccharin-fed mice. Scale bar = 500 lm. components in solid food can affect the expression and metabolism of proteins in the brain. In this study, significantly increased expression of SNAP25 upon solid food intake was observed in the somatosensory cortex. During the weaning period, mice take in solid food for the first time, and these newly received, intense tactile and physical signals associated with solid food intake are thought to excite local neural circuits within the somatosensory tract, leading to the accumulation of SNAP25 in the somatosensory cortex. The present study showed that solid food intake also increased the amount of SNAP25 within the Cc and Ac. The Cc and Ac consist of bundles of neural fibers that connect the right and left cerebral hemispheres, and neurons send axons to both the Cc and Ac. As SNAP25 is transported to presynaptic terminals by axons, our data suggest that solid food intake increases the amount of SNAP25 transported to presynaptic terminals by axons. We conjecture that SNAP25 gene expression may be up-regulated during postnatal weeks 2 and 3. It is also likely that SNAP25 protein accumulates at presynaptic terminals in the cortical areas stimulated by various food signals. The increased expression of SNAP25 observed in these regions suggests that synaptic transmission is facilitated by food stimuli.
In the IC, the expression of several molecules changes in response to food signals. The expression of NR2A and NR2B, which are subunits of the N-methyl-Daspartate (NMDA) receptor, increases in the IC following the consumption of a novel taste (Nu´n˜ez-Jaramillo et al., 2008) . As up-regulated expression of NMDA receptor subunits can be observed 15 min after taste stimulation, these proteins may be involved in taste memory formation. Gustatory stimulation also induces ERK1/2 phosphorylation in the pyramidal cells of the IC (Kobayashi et al., 2010) , which may produce neuroplastic changes in the IC. Our report is the first to demonstrate that gustatory stimulation results in altered SNAP25 expression in the insular and somatosensory cortical areas, suggesting that SNAP25 expression may be involved in neuroplastic changes in the cerebral cortex.
Distribution patterns of SNAP25 in response to saccharin and capsaicin
In this study, the expression of SNAP25 increased in specific cortical areas in response to simple chemical (saccharin and capsaicin) stimuli. Saccharin is recognized by T1R2/T1R3 receptors, and information resulting from the binding of saccharin to these receptors is fed to the IC through the gustatory neural circuit via the parvicellular portion of the posteromedial ventral thalamic nucleus (VPMpc), i.e., the gustatory thalamic nucleus (Pritchard et al., 1986; Nakashima et al., 2000) . Our study observed SNAP25 accumulation in regions of the IC and the S1 (particularly in the IC) in response to oral administration of saccharin. Taste stimuli elicit hemodynamic activity in the human insular/opercular region (Schoenfeld et al., 2004) , and taste-responsive neurons have been identified in the granular and dysgranular portions of the IC in rats (Ogawa et al., 1990 (Ogawa et al., , 1992 . Taste-responsive neurons have also been found in the rostral portion of the IC in mice (Chen et al., 2011) . Moreover, the rostro-caudal extent of the gustatory cortex may be extended by 2.5 mm rostrally from the bregma. Electrophysiological analysis has revealed that sucrose stimulation induces a dominant response in the rostral regions of taste-responsive cortical areas (Yamamoto, 1984 (Yamamoto, , 1985 . Saccharin stimulation caused SNAP25 accumulation in the rostral portion of the IC, which is a region that may correspond to the gustatory cortex response to sweet taste. Immunohistochemical analysis using an anti-SNAP25 antibody may be valuable for the detection of cortical areas that respond to different taste signals, and an analysis of the distribution pattern of SNAP25 in response to the five primary tastes, i.e., salt, sweet, bitter, sour, and umami, may lead to the delineation of taste-specific cortical areas.
Capsaicin is the compound responsible for the pungent sensation of chili peppers. TRPV1 is the receptor for capsaicin as well as for noxious heat and acid (Caterina et al., 1997; Tominaga et al., 1998) . TRPV1 is thus believed to act as a receptor for pungent sensation, and this protein is expressed in the afferent nerve fibers of the tongue (Ishida et al., 2002; Kido et al., 2003) . Following stimulation with capsaicin, the distribution of SNAP25 immunoreactivity became strong within the S1 region. This result suggests that the capsaicin signal, which is detected by TRPV1 in the afferent nerve fibers of the tongue, conveys nociceptive information to the S1 via the somatosensory neuronal tract, resulting in the accumulation of SNAP25 in the somatosensory cortical areas, including the S1 region. To precisely identify the neurons affected by taste stimulation, further studies concerning the electrophysiological properties of gustatory neurons will be needed. The data collected from the saccharin and capsaicin stimulations demonstrate that single-taste stimulation can cause SNAP25 accumulation in the gustatory and somatosensory cortices.
Layer distribution of SNAP25 immunoreactivity following saccharin stimulation
The cerebral cortex is divided into several layers, each of which has different functions and connections. The area of termination and the laminar distribution of projections from the thalamic area to the cortex have been well studied. Terminal labeling of the thalamic gustatory nucleus is strong in layers I-V of the IC, and the labeling is also dense in layer IV (Nakashima et al., 2000) . Our results show that after saccharin stimulation, SNAP25 immunoreactivity was predominantly localized to layers I-IV of the IC and S1 cortical regions. Signals from saccharin are transmitted from the thalamus to the gustatory cortex, and SNAP25-immunoreactive regions in the IC may thus be associated with the sweet taste-responsive area.
Neural plasticity of the gustatory system during weaning
In mammals, mother's milk is introduced shortly after birth as the sole source of nutrients until weaning. Subsequently, solid food is introduced and consumed during the weaning period. Cortical taste neurons that respond to taste stimuli have been detected in both the granular and dysgranular parts of the IC in rats at an age of 14-20 days (Ogawa et al., 1994) . The experience of taste perception during the suckling and weaning periods is considered important for the development of taste perception systems.
While dramatic changes in structure and function have been observed during the development of the visual system (Shatz and Stryker, 1978; LeVay et al., 1980) , little is known about the neural plasticity of the gustatory system. Our study reveals that the expression of SNAP25 increases in gustatory and somatosensory cortical areas in response to solid food as well as saccharin and capsaicin consumed during the weaning period. The increased expression of SNAP25 in gustatory and somatosensory cortical areas likely affects the synaptic transmission of gustatory and somatosensory information. However, the length of time over which the increased expression of SNAP25 is maintained remains unclear. Thus, further studies on changes in the temporal expression of SNAP25 or other proteins in gustatory cortical areas in response to food signals will help to clarify the effects of food ingestion during the weaning period on synaptic plasticity in the gustatory system.
